The performances of optomechatronic systems are generally characterized by optical imaging phenomena and the proper operation is fundamentally affected by changes of the relative geometry caused by thermal influences, mechanical displacements and vibrations. Extrinsic and intrinsic disturbances can be compensated by active control of optical elements like lenses, diffraction gratings or laser sources. In the context of system design and performance analysis tasks it is big challenge to model and simulate the coupled optomechatronic behavior including closed-loop control and disturbances properly on a representative level. A promising approach is the integration of diffractive optics models in the well established physical object oriented modeling environment Modelica ® , which offers already a broad support of multi-domain libraries, e.g. electrical, mechanical and thermal. The current paper describes the basic modeling requirements for diffractive optical components and discusses the solution for a computationally efficient implementation of two-dimensional spatial optical interfaces and components for Modelica-based simulation environments. The basic diffractive optical functionality in Modelica is shown by simulation results of a basic Fourier system and a MEMS Micro Mirror Array.
INTRODUCTION
The use of diffractive optical components in optomechatronic systems for the purpose of signal processing is constantly increasing. Examples are telescopes with adaptive optics (Hardy, 1998) , motion compensated cameras (Janschek et al., 2007b) , diffraction based sensors for on-line textile inspection (Dyblenko, 2009) , optical Fourier processors and correlators (Janschek and Tchernykh, 2002) or interferometer arrangements. However such systems are fundamentally affected by environmental influences like mechanical displacements, vibrations and thermal distortions. Those disturbances can significantly affect the proper function and accuracy of the optical subsystem due to changes of the optical path properties. In the context with system design and performance analysis tasks the coupled optomechatronic behavior including closed-loop control and disturbances must be properly modeled and simulated. The state of the art computer based physical object based modeling and simulation environments focus on two main areas: -Simulation tools focused on optics (Zemax, SigFit,...) including detailed geometrical and diffractive optics modeling, but without or only with insufficient mechatronic functionality. -Multi-domain object oriented tools, e.g. Modelica-based, incorporating a broad mechatronic functionality, but up-todate without optics functionality, in particular without any diffractive optics. Today the modeling language Modelica is accepted as a quasi standard for the physical object oriented modeling of heterogeneous technical systems, in particular for mechatronic systems (Fritzon, 2004) . Several commercial and professional simulation tools supporting the Modelica language like SimulationX (Uhlig et al., 2009 ), Dymola, MathModelica or OpenModelica (Modelica, 2010) are available including domain specific libraries. Remarkably there is up to now no functionality available for diffractive or geometrical optics. For mechatronic systems design purposes it seems therefore useful to investigate how the functionality of especially diffractive optics can be integrated into Modelica based simulation environments. This would allow an efficient end-to-end modeling and simulation of optomechatronic systems including full closed-loop capability. The new aspect discussed in the current paper is the integration of diffractive optics models into the physically object oriented modeling environment Modelica. The basic model for the scalar diffraction theory is recapitulated, followed by the description of fast numerical solving algorithms. The basic functionality of the concept is shown by simulation of a Fourier optical test setup.
OPTOMECHATRONIC SYSTEMS
Optomechatronic systems are usually composed of an arrangement of electronic, mechanic and optical elements (Janschek, 2010) . Especially the optical functionality depends on a fixed arrangement of optical elements providing exact optical path geometry. However the operation of mechanical and electrical components is generally corrupted by geometrical or thermal intrinsic disturbances of the arrangement of optical components. Additional errors are inserted by extrinsic disturbances like shock, vibration or environmental temperature changes. A typical optomechatronic system is an interferometer arrangement for complex modulation of light waves with two spatial light modulators (SLM), see (Juday, 1991) . The robustness of such systems can be improved considerably by active stabilization concepts, e.g. using piezo elements as active mounts and an optical feedback as sketched in Fig. 1 . The compensation of internal and external disturbances can be achieved by actively controlling the overall optical path. This can be done by either phase control with MEMS or active mounting of single optical components. In any case a closed loop control is necessary and the complete loop should be modeled and simulated during the system design process (Fig. 2) . The model of such a complex multi-domain system can be well structured by decomposing it into subsystems and further in single model components corresponding to physical objects. This corresponds to the object-oriented Modelica language modeling paradigm (Fritzson, 2004) .
DIFFRACTIVE OPTICS

HUYGENS-FRESNEL principle and RAYLEIGH-SOMMERFELD diffraction integral
Many optical phenomena like diffraction or interference of monochromatic coherent light waves can be described by scalar wave theory, which leads to a simplified formulation for diffraction phenomena. According to the HUYGENS-FRESNEL principle the complex amplitude distribution of light at a single point behind an aperture can be described by a weighted sum of spherical waves originating from every point within the aperture (Goodman, 2005) . This principle can be stated in mathematical form as the RAYLEIGH-SOMMERFELD diffraction integral (1st solution) (Goodman, 2005) , (Sommerfeld, 1999) , given by:
Note that the diffracting aperture is assumed to be planar. For a statically geometric configuration, the integral (1) is independent of time and it can be characterized as algebraic relation between input and output.
Numerical implementation
There is usually no analytical solution for Eq. (1). Therefore the spatial integration must be solved using numerical twodimensional approximations on digital computers. This leads to a [N*M] matrix representation for a given aperture plane. Integration of Eq.
(1) now has to be replaced by N * M complex multiplications and summations for every output point. Therefore the calculation of an output plane of equal size requires (N*M) 2 complex operations. For higher optical resolutions (e.g. N=M=1024 pixel) the point wise solution of Eq. (1) is a very time consuming task.
Angular spectrum Method
An optical system can be in general considered as a twodimensional spatial system. Assuming (optical) linearity Eq.
(1) can be solved using Fourier methods, in particular by application of the convolution theorem, assuming spatial invariance (parallel planes). Thus the computational effort for solving of integral equation (1) can be significantly reduced by application of standard fast Fourier transform (FFT) algorithms, complex matrix multiplication with a propagation kernel H(f x , f y ) and inverse fast Fourier transform (iFFT) (Fig. 3) .
Fig. 3. Principle of angular spectrum method
The propagation kernel is given by (Goodman, 2005) :
( , )
This method results in orders of magnitude faster calculation than the point-wise calculation of (1).
Assuming the more general case of non parallel planes, this Fourier based method can be used as well, but frequency mapping must be implemented to compensate for the plane rotation (Tommasi, 1992) , (Matsushima, 2008) . However this step involves interpolation due to a restriction inherent to the FFT, namely the fixed sampling of the frequency domain.
OBJECT ORIENTED MODELING APPROACH
Object oriented modeling of a physical system in general needs to include two basic aspects (Fritzson, 2004) : -The optical component and its internal encapsulated functionality. -The interface of the optical component to pass and access data.
In the following the main properties of optical subsystems are discussed from the point of view of physical object oriented modeling.
Optical component properties
For physical object oriented modeling of optical systems every element with a significant optical function is considered as a (physical) component. The interesting physical properties include finite mass and spring stiffness and a mechanical connection to other (optical) elements forming a multi-body system (MBS). The optical input plane is perpendicularly located directly in front of the optical element body and fixed in reference to the body coordinate system. The relative geometry between the actual component and the subsequent component determines the geometry of the output plane (Fig. 4) . The optical functionality of the component is defined between input and output plane and can be considered as a complex two dimensional optical function defined at the input plane, followed by free space propagation (Goodman, 2005) , (Hecht, 2002) .
Fig. 4. Modeling approach in Modelica -example of a thin lens
Modelica is missing domain definitions and support of spatial coordinates which would allow the description of equations as a function of spatial coordinates, (Saldami et al., 2005) . However matrix calculation is supported be Modelica and for many diffractive optical setups the optical functionality can be specified by complex matrix functions in a first approximation.
Interfaces
Object oriented modeling supports the encapsulating of the internal function of a component and it provides well defined communication interfaces with other (physical) model elements, which are called connectors in Modelica (Fritzson, 2004) . In case of diffractive optics a connector has to represent a plane in 3D-space associated with a complex amplitude light distribution. The propagation of light is not bounded to material, thus this decoupling suggests the use of causal input/output matrix connectors for the complex amplitude. However position and orientation of the plane connectors must be represented by causal connectors. Therefore spatial discretization of a cut plane in 3D-space leads to a composed hierarchical connector design in Modelica (Kaden and Janschek, 2011) .
IMPLEMENTATION CONSIDERATIONS
Implementation using the External Function Interface
Modelica allows the use of input/output matrix variables in its connector class. However increasing matrix size leads to the observation that the computation time for analyzing and flattening the model increases significantly. For technically interesting optical resolutions resp. matrix sizes, e.g. N=1024, the computation time is out of scope of practical simulation experiments. This behavior is caused by the standard analysis and translation process from Modelica source code to executable C-code. During the conversion of the model into executable code (flattening process) the tools normally decide which variables become a state variable (Fritzon, 2004) . This process can take a long analysis time for large matrices. To solve this problem a tool independent solution using the external function / object interface was implemented (Kaden and Janschek, 2011) . This solution retains the ability of maintaining a physical object oriented description of optical components by Modelica language elements (including parameters), domain information (i.e. size of cut plane) and two dimensional equations. This information is parsed into equivalent C-code and all matrix data and calculation is encapsulated in an external object (Fig. 5) . The size, sampling and calculation of the matrix values of a plane must now be set and accessed by external functions. According to the object oriented modeling approach, the body elements from the existing Modelica multi-body library have been extended by optical input and output matrix connectors. Additionally the fftw-library (Frigo and Johnson, 2010) was included into the external C-Code to perform the Fast Fourier Transform.
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External Object -Interface A complementary user controllable functionality is implemented which saves on demand matrix data on an external storage device (Fig. 5) . Data sets can be visualized offline, e.g. with external tools like Matlab © . An additional online visualization generally depends on the capabilities of the Modelica tool and is currently under development with SimulationX.
Implementation of an optical test set-up
An elementary optical library has been designed and used for modeling of a basic optical test set-up as shown in Fig.6 . It consists of a source for a perfectly planar monochromatic light wave, a pin-hole aperture and a Fourier lens forming an optical Fourier system.
Fig. 6. Optical test set-up
It is known that a thin lens performs the Fourier transform of an opaque input object placed in front of the lens and which is illuminated by a monochromatic uniform planar light wave (Goodman, 2005) . If the input object is placed close enough in front of the lens and therefore neglecting possible vignetting effects, the optical Fourier transform is exact up to a quadratic phase factor. This result known as Airy-Function should be visible on the screen and referenced with the point wise solution. The optical propagation calculations (discrete approximation of angular spectrum method for RAYLEIGH-SOMMERFELD diffraction integral) are two complex matrix multiplications (pinhole and lens function) and free space light propagation after the lens. For a first testing with Modelica all planes are assumed to be perpendicular and the basic angular spectrum approach can be used. The implementation of the test system has been performed on the toolset SimulationX (Uhlig et al., 2009) The simulation results are visualized by the absolute value of the optical Fourier transform (Fig. 7) . The proper functioning of the FFT-based diffraction algorithm is compared with the point wise reference solution of Eq. (1), calculated with Matlab © , (Fig.8 ). 
Model of a micro mirror array
As a second example an optomechatronic system for light wave modulation is considered. The basic function of a micro mirror array is to selectively influence the optical path length of a light wave, thus forming the wave front. However if a planar light wave is reflected by the array the reflected light is not perfectly modulated, but affected by diffraction effects. Following the object oriented modeling paradigm multiple instances of a generic micro mirror are placed on a substrate forming a micro mirror array (Fig. 9) . The substrate provides the mechanical connections of the single mirrors as well as the signal voltages. The moveable mirrors form a reflective two dimensional surface which can be described by a discrete optical phase function. Fig. 9 . Object model of a micro mirror array
The resulting discrete optical function is sampled by [NxM] pixels and represents the change of the local optical path length caused by a micro mirror displacement. Neglecting amplitude damping during the reflection process the result is a function that only affects the phase of the complex light wave.
The typical parameters of an optical micro mirror array for wave front modulation are given as follows (Gehner et al., 2000 , Gehner et al., 2006 : 
Mirror Deflection For our test example we choose a square mirror size of 120µm, a plane size of 250µm and a mirror height of 5µm. The mirror displacement after applying a voltage step of 12V at t = 0.2s for the mirror is shown in Fig. 11 . The result shows the expected movement of the mirrors from there initial position leading to deflections in the range of 90 -110nm (Fig. 11 ). The sampling theorem has to be obeyed choosing the plane mesh parameters (Coy, 2005) . For the mirror position at the time t O1 (Fig. 11 ) the phase distribution of a single square mirror can be investigated after simulation showing the diffraction of light caused by the mirror edges (Fig. 12) . The cross section at y = 0mm (256 pixel) of the discrete optical function and the diffraction calculations for reflection of a plane wave at time t O1 and t O2 at propagation distance of 0.5mm is shown in Fig. 13 . One can observe that the phase difference between the light waves corresponds with the mirror deflection difference at both times. Our ongoing research focuses on the integration of a diffractive optical functionality into the multi domain simulation and modeling language Modelica. The goal is to provide an easy to use library with well defined optomechatronic components and interfaces. In difference to the normal interface design of Modelica connectors the new approach needs 2D cut planes instead of cut points between components. For that purpose a hierarchical composed Modelica connector using the external object and function interface was developed and implemented. So far the case of light propagation between parallel planes was successfully implemented with FFT-based algorithms and basic optical elements for a Modelica Optics Library were developed providing basic optical functions. The next steps will be the integration of additional optical elements to the library, performance analyses and the implementation of light diffraction between tilted planes. The challenge is to avoid error accumulation through several connected optical modules as interpolation of the frequency grid is used in existing algorithms. A further challenge will be an efficient implementation of the FFT-based light diffraction calculations (e.g. GPU, FPGA) with increased mesh matrix size (e.g. >1024 pixels).
